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PREFACE

The control system of modern turbofan engines has an important impact on their
performance. The control system must accurately and rapidly position the many vari-
ables on the engine in response to many sensor inputs. The logic involved in the
system can be complex. Hydromechanical control systems are only marginally capable
of controlling modern high-performance engines. Digital control systems can handle
many inputs and outputs and perform complex computations, and are beginning to replace
other types of control systems in many applications.

To investigate the application of digital control technology to a complex engine
in a high-performance airplane, the National Aeronautics and Space Administration
(NASA), the U.S. Air Force, and Pratt and Whitney Aircraft have recently completed a
flight investigation of a digital electronic engine control (DEEC) system on an F100
engine in an F-15 airplane. Following extensive ground and altitude facility tests,
a 30-flight program was conducted at NASA Ames Research Center's Dryden Flight
Research Facility at Edwards, California. A minisymposium was held at Ames Dryden on
May 24 and 25, 1983, to disseminate the results of the DEEC flight evaluation. This
publication contains the papers that were presented.

As shown in the data presented, the DEEC system was found to be a powerful and
flexible controller for the F100 engine. The F~15 aircraft was an excellent test bed
for the flight evaluation. The value of flight test was conclusively demonstrated in
exposing and solving problems and demonstrating performance improvements.

Frank W. Burcham, Jr.
Technical Chairman, DEEC Minisymposium

iii






-

Preface - . . . . . . . .

Nomenclature -

1.

10.

11.

12.

CONTENTS

- . . . . . . . . . . . . . . - . .

DIGITAL ELECTRONIC ENGINE CONTROL F-15 OVERVIEW . . . . o .
Berwin Kock

DIGITAL ELECTRONIC ENGINE CONTROL HISTORY . . . . . . . .
Terrill W. Putnam

F-15 DIGITAL ELECTRONIC ENGINE CONTROL SYSTEM DESCRIPTION o .
Lawrence P. Myers

NASA LEWIS F100 ENGINE TESTING . . . . . . . . . . .
Roger A. Werner, Ross G. Willoh, Jr., and Mahmood Abdelwahab

EFFECTS OF INLET DISTORTION ON A STATIC PRESSURE PROBE
MOUNTED ON THE ENGINE HUB IN AN F-15 AIRPLANE . . . . . .
Donald L. Hughes and Karen G. Mackall

FLIGHT TESTING THE DIGITAL ELECTRONIC ENGINE CONTROL IN

THE F-15 AIRPLANE . . . . . . . . . . . . . . .
Lawrence P. Myers

DIGITAL ELECTRONIC ENGINE CONTROL FAULT DETECTION AND
ACCOMMODATION FLIGHT EVALUATION N . . . . . . . . . .
Jennifer L. Baer-Riedhart

AIRSTART PERFORMANCE OF A DIGITAL ELECTRONIC ENGINE
CONTROL SYSTEM ON AN F100 ENGINE . . . . . . . . . . .
Frank W. Burcham, Jr.

FLIGHT EVALUATION OF A HYDROMECHANICAL BACKUP CONTROL FOR THE
DIGITAL ELECTRONIC ENGINE CONTROL SYSTEM IN AN F100 ENGINE . .
Kevin R. Walsh and Frank W. Burcham

BACKUP CONTROL AIRSTART PERFORMANCE ON A DIGITAL ELECTRONIC
ENGINE CONTROL-EQUIPPED F100 ENGINE . . . . o e . . . .
J. Blair Johnson

AUGMENTOR TRANSIENT CAPABILITY OF AN F100 ENGINE EQUIPPED
WITH A DIGITAL ELECTRONIC ENGINE CONTROL . . . . . . . .
Frank W. Burcham, Jr. and G. David Pai

INVESTIGATION OF A NOZZLE INSTABILITY ON AN F100 ENGINE EQUIPPED

WITH A DIGITAL ELECTRONIC ENGINE CONTROL . . . . . . . .
Frank W. Burcham, Jr. and John R. Zeller

iii

vii

15

33

55

73

91

107

127

141

157

171

201



13.

14.

REAL~-TIME IN-~FLIGHT THRUST CALCULATION ON A DIGITAL ELECTRONIC
ENGINE CONTROL-EQUIPPED F100 ENGINE IN AN F-15 AIRPLANE . .
Ronald J. Ray and Lawrence P. Myers

CONTROL TECHNOLOGY FOR FUTURE AIRCRAFT PROPULSION SYSTEMS .

John R. Zeller, John R. Szuch, Walter C. Merrill,
Bruce Lehtinen, and James F. Soeder

vi

215

231



7

AB
ADIA
AEDC
AFAPL
AFM
AFTI
AJd
BIT
BOM
BUC
b factor
CENC
CERT
CG
CIP
CIvVv
CMOS
COoOoP
CRT
cv
DEEC
\ DIA
DMICS
DTMM
EMD

EMDP

NOMENCLATURE

afterburner

advanced detection-isolation-accommodation
Arnold Engineering Development Center

Air Force Aeropropulsion Laboratory

advanced fuel management augmentor system
advanced fighter technology integration

jet primary nozzle area

built-in tests

bill of materials

backup control

Pratt & Whitney radial distortion weighting factor
convergent exhaust nozzle control

combined environmental reliability test
gross thrust coefficient

component improvement program

compressor inlet variable wvane

complementary metal oxide semiconductor
cooperative

cathode ray tube

coefficient of velocity

digital electronic engine control
detection~-isolation-accommodation

design methods for integrated control systems
distortion factor = (PT2MAX - PT2MIN)/PT2AVG
engine model derivative

Engine Model Derivative Program

vii



EPCS

EPR

EST

FA-AB

FADEC

FAEC

FAFTEEC

FDA

FG

FN

FPCC

FR

FTIT

GAMA

HIDEC

HP

IAPSA

IFFC

IM

INTERACT

INTERFACE

IPCS

IR

IR&D

JFET

JFS

JTDE

electronic propulsion control system

engine pressure ratio, PT6M/PT2

estimate

afterburner fuel-air ratio

full-authority digital engine control
full-authority electronic control

full-authority fault tolerant electronic engine control
fault detection and accommodation

gross thrust

net thrust

flight-propulsion control coupling

ram drag

fan turbine inlet temperature

ratio of specific heats

gravitational constant

highly integrated digital electronic control
pressure altitude

integrated airplane propulsion system architecture
integrated fire-fight control

intermediate power

integrated research aircraft technology

integrated reliable fault-tolerant control for engines
integrated propulsion control system

infrared

independent research and development

junction field effect transistor

jet fuel starter

joint technology demonstrator engine

viii



KRA2
X0
LOD
LOR

LRU

MNA
MOA
MTBF
MVC
MVCS
N1
N1Cc2
N2

N2C

PB

PBSYN

PCM

PES

PFMO

PI

PLA

PLA-AB

fan distortion factor, XA2 = KO + b(KRA2)

radial distortion factor
circumferential distortion factor
light off detector

linear quadratic regqulator
line-replaceable unit

Mach number

Mach number

multivariable Nyquist array
memorandum of agreement

mean time between failures
multivariable control
multivariable control synthesis
fan rotor speed

corrected fan speed

core rotor speed, rpm (100 percent N2 =
corrected engine core speed
corrected core rotor speed

outer diameter

augmentor static pressure

burner pressure

synthesized main burner pressure
pulse code modulation
photoelectric scanning

pressure of fuel for DEEC mode selection
proportional plus integral

power lever angle

afterburner power lever angle

ix

14,000 rpm)



PO sea level static pressure

PROM programmable read-only memory

PSL propulsion system laboratory

PSNB noseboom probe static pressure

PS2 fan inlet static pressure

PS2C compensated fan inlet static pressure

PS2SYN synthesized engine inlet static pressure

PT total pressure

PTA pressure-area thrust calculation method

PTINF free-stream total pressure

PT2 fan inlet total pressure

PT2 time-averaged fan inlet total pressure

PT2AVG average value of total pressure at fan inlet

PT2C calculated PT2

PT2MAX maximum value of total pressure at fan inlet

PT2MIN minimum value of total pressure at fan inlet
PT2UNDIST undistorted (maximum) fan inlet total pressure

PT4 combustor exit total pressure

PT6 turbine discharge pressure

PT6M turbine discharge total pressure (mixed core and fan stream)
PT7 engine total exhaust pressure

P4 combustor exit static pressure

P6MO 1 turbine discharge total pressure production probe

Q dynamic pressure

QCSEE quiet, clean, short-takeoff-and-landing experimental engine
R gas constant

RAEEC reliability assessment for electronic engine control
RAM random access memory



v

RAMP3L
RCVV
REQ
ROM
RTES
SA
SEC
SFDV
S/L
S/R

svp

TPB
TPS2
TPT6M
TSFC
TTL
TTO
TTW
TT2
TT7

T4

UART
ULHC

UTRC

left inlet third ramp angle

rear compressor variable vane

request

read-only memory

real-time engine simulator

swirl augmentor

secondary engine control

single flow divider valve

sea level

spray ring

sequencing valve position

airstart time from pressurization to idle
PB transducer temperature

PS2 transducer temperature

PT6M transducer temperature

thrust specific fuel consumption
transistor-transistor logic

free-stream total temperature
temperature-weight flow method of thrust calculation
fan inlet total temperature

nozzle exit total temperature

combustor exit temperature

time

uncertainty

universal asynchronous receiver-transmitter
upper left hand corner

United Technology Research Center

velocity

xi



vC calibrated airspeed

WAC corrected engine airflow, W2/9t2/6t2

WACS% (WAC/98.43) 100, where design corrected engine airflow = 98.43 kg/sec

WAC2 corrected engine airflow

WAT total fan airflow

wWat fan inlet total airflow

WF fuel flow

WFAC core afterburner fuel flow

WFAD duct afterburner fuel flow

WFC augmentor fuel flow in core region

WFD augmentor fuel flow in duct region

WFGG gas generator fuel flow

WFT total fuel flow

WG7 nozzle exit weight flow

w2 engine airflow

Y ratio of specific heat

A change in parameter

§t2 corrected average engine-face pressure ratio

§2 ratio of fan inlet total pressure to standard sea level static pressure

6t2 corrected average engine-~-face total temperature ratio

62 ratio of fan inlet total temperature to standard sea level static
temperature

xii



Paper

DIGITAL ELECTRONIC ENGINE CONTROL
F-15 OVERVIEW

Berwin Kock
NASA Ames Research Center
Dryden Flight Research Facility
Edwards, California

SUMMARY

NASA Ames Research Center's Dryden Flight Research Facility, in cooperation
with the U.S. Air Force and Pratt and Whitney Aircraft, conducted a flight test
evaluation of the digital electronic engine control (DEEC) system. This paper
presents an overview of the flight program. The introduction describes the roles
of the participating parties, the system, and the flight program objectives. The
test program approach is discussed briefly, and the engine performance benefits
are summarized. A brief description of follow-on programs is also included.



DRYDEN F-15 PROGRAMS

NASA Ames Research Center, Dryden Flight Research Facility (DFRF) has operated
two F-15 aircraft since 1976. One of these, the #2 F-15, was the propulsion test
airplane in the full scale development program. The other, the #8 F-15, was the spin
test airplane. NASA obtained these airplanes on loan to support a wide range of
technology programs.

F-15 #2 supported a number of engine/inlet tests and engine component tests. Its
major function was as the test aircraft for an extensive wind tunnel to flight corre-
lation of pressure distributions and drag build-up data for the F-15 airplane. This
program focused on the inlet and nozzle areas of the airplane. The airplane also
supported a test of the shuttle tile system. A number of installations were made
that simulated both the shuttle installation and induced the air loads the tile would
experience while in flight. As a piggy-back experiment a probe that measured engine
face static pressure (the PS2 probe) was tested. This probe later became one of the
DEEC sensors. The airplane was retired following the shuttle tile/PS2 test program.

F-15 #8 was obtained to support a variety of handling qualities, buffet, tracking,
and stability and control studies for this class of airplane. A major program, a
test of a 10° included angle cone, is a standard wind tunnel calibration system for
documenting turbulence. The flight program provided baseline data for tunnel to
flight correlations. When the DEEC program began, the F-15 #2 was not available.
The DEEC propulsion program was put on ship #8 as a matter of convenience.




DIGITAL ELECTRONIC ENGINE CONTROL PROGRAM

The DEEC program was a cooperative endeavor of the National Aeronautics and Space
Administration (NASA), the U.S. Air Force (USAF), and Pratt and Whitney Aircraft (PWA).
Each party had a desire to pursue the development of the DEEC through a technology
development program that included flight test, but each party had limitations on its
ability to support such a program. By combining forces in a cooperative program, the
goals could be achieved.

NASA brought to the program a flight and ground test capability; Pratt and
Whitney provided the engine control system and engine modification, along with engi-
neering and technical support; and the USAF provided flight clearance support at
Arnold Engineering Development Center (AEDC). From NASA's viewpoint, this was a
nearly optimum way to conduct a program such as the DEEC flight test.

Because of the absence of written contracts outlining restrictions, a consider-
able amount of flexibility was allowed in the management of the program. This
created an environment of mutual cooperation and support, and increased the produc-
tivity of individuals involved in the test program. In addition, this type of man-
agement allowed a quick response to technical concerns, a latitude in program adjust-~
ments when unforeseen circumstances occurred, and a lack of pressure, from a schedule
viewpoint.
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DIGITAL CONTROL FOR THE F100

The DEEC is a full authority digital control system for the F100 Turbofan engine.
It incorporates extensive fault detection and accommodation features that allow for
safe and reliable operation on a single digital channel. The digital computer system
alsc permits much simpler hardware to be used in the engine control system by the
elimination of cams, valves, and other components that are necessary in a hydro-
mechanical control system. The DEEC system does incorporate a backup control (BUC)
that is used if the primary digital control should fail. The BUC is a simple hydro-
mechanical system usable over the entire envelope; however, maximum thrust available
is only about 80 percent of the DEEC intermediate thrust.

The benefits postulated for the DEEC system were numerous. Benefits assessed in
the NASA program included increased thrust, faster response times, improved after-
burner operation, improved airstart envelope, elimination of ground trimming, and the
fail-operate capability. In addition, the DEEC system promised improved reliability
over the basic F100 control system, and, because of a combination of factors, lower
overall life cycle costs. The NASA program only addressed the performance aspects of

the DEEC beneflts.
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DEVELOPMENT

The DEEC development started in the mid-1970's, largely through Pratt and Whitney
independent research and development (IR&D). A series of sea level and altitude facil-
ity tests led to the USAF supporting the effort under the Engine Model Derivative Pro-
gram (EMDP). At the same time the USAF was supporting the program, Pratt and Whitney
and NASA were developing an approach that would permit a flight program to take

place.

As illustrated, the flight program began in 1981. The program was broken into
four phases, resulting in an orderly approach to maturing the system technology. The
program was completed in early 1983.
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FLIGHT TEST OBJECTIVES

The objective of the program, from NASA's perspective, was to demonstrate and
evaluate the DEEC system as applied to a modern turbofan engine and flown throughout
the envelope of a high-performance fighter. Included within that overall objective
were several subelements: ¢to assess the fault detection and accommodation logic
(which, as it turns out, was not a focus of the flight program); to evaluate the
augmentor performance and durability improvements; and to validate the design and
ground test procedures by comparison to flight tests. As shown later in the pro-
ceedings, the flight program surfaced some problem areas that were not predicted in
ground facilities.

* ‘DFRCB1- 173_

DEMONSTRATE AND EVALUATE A DIGITAL ELECTRONIC
"ENGINE CONTROL THROUGHOUT A MODERN FlGHTER
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INPUTS AND OUTPUTS

A modern turbofan engine has a large number of control variables and input param-
eters to the control laws. The DEEC system can control, over the entire range of
authority, all the variables in the F100 engine. These include inlet guide vanes,
compressor stators, bleeds, main burner fuel flow, the afterburner fuel flows, and
the nozzle area. The inputs include static pressure at the compressor face (which is
used to compute total pressure at that location), fan and core rpm, compressor face
total temperature, burner pressure, turbine inlet temperature, turbine discharge pres-
sure, an ultra violet detector in the afterburner to determine whether a flame is
present, and the throttle position.

The extensive list of inputs and outputs graphically illustrates the difficulty
of hydromechanical control system design and the need for digital controls.
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BASIC CONTROL MODES

The DEEC system has two basic control modes for the gas generator portion of the
engine. The airflow control mode uses core fuel flow to control fan rotor speed (N1).

The control mode transitions at military power to an engine pressure ratio (EPR) con-
trol, which uses the nozzle to maintain the proper turbine discharge total pressure/

fan inlet total pressure (PT6M/PT2) relationship.

The logic involved in implementing these control modes is quite complex as is
illustrated on the chart. Many inputs are required, which generate the engine state
requests. These requests are compared to the actual conditions and then, through a

series of schedules and closed-loop control algorithms, appropriate actions are imple-
mented to bring the engine to the desired operating condition.

In addition to these functions the augmentor controls are resident in the DEEC

system.

NASA

DEEC BASIC CONTROL MODES DFRFe2344
CORE FUEL FLOW CONTROLS N1,
NOZZLE AREA CONTROLS EPR

FTIT, N2, PB LIMITS j

INTEGRAL
TRIMMER

PLA —]
—» N1
2 REQUEST
PT2 —»| LOGIC
M|

PROPORTIONAL
GOVERNOR

SPEED -
FEEDBACK | 712

PT2 .
CALCULATION

EPR —®

EPR
REQUEST

PROPORTIONAL
+

INTEGRAL

N1 EPR
REQUEST
PT2 —»1  LOGIC

TT2 AJ BASIC
PT2 —m» SCHEDULE




4

FLIGHT INSTRUMENTATION

The test airplane was extensively instrumented, both for the engine and the basic
airplane itself. The airplane data included airspeed, altitude, body-axis rates and
attitude, accelerations, control-surface positions, and other parameters typical of a
flight research program. The test engine was in the left side of the airplane and
the right side engine had minimal data (that is, sufficient data to ascertain the
health of the engine but not sufficient for any test work).

The parameters listed in the chart illustrate the extent of the engine instrumen-
tation. As can be seen, the list is fairly extensive and includes all parameters
necessary to monitor the health and performance of the engine. A major source of
data was the DEEC digital words. This list grew with time, beginning with 50 words
and increasing to 83 words by the end of the program. It has subsequently grown to
100 words. Included in this listing were 11 words (16 bits each) of diagnostic data
— bits were turned on to indicate faults (malfunctions). 1In addition, the data
stream output included the values used in the control calaculations.

All of these data were recorded on board and were also transmitted to the
ground for use in NASA's real-time flight monitoring facility. The format was pulse

code modulation (PCM), which permitted relatively quick and extensive post-flight
processing.

DEEC FLIGHT INSTRUMENTATION Drarszoren

FAN DISCHARGE —PAB
T2 TEMPERATURE (2) PT6

PRESSURE (4)
Ps2
INLET CASE Pb

L P ISP
e
Ps2 :(/;

ok J’L (%‘ ; )
j e MAIN BURNER I
civw FUEL N
PRESSURE NQ
g:EGE|$AL GAS AUGMENTOR SEGMENT
FUEL PRESSURES (5
TOTAL WORDS GENERATOR (5)
FUEL FUEL METERING
FLOW. AND BUC AUGMENTOR
METERING
GAS GENERATOR VALVES
FUEL FLOW
AIRCRAFT
BOOST MAIN PUMP
PRESSURE INTERSTAGE AUGMENTOR PUMP
PRESSURE OUTLET PRESSURE
MAIN FUEL PUMP :33',‘,'"5"”“
DISCHARGE PRESSURE —




TEST POINTS FLOWN

This chart illustrates the flight envelope and types of tests conducted in the

flight program. While the entire F-15 envelope was covered, the emphasis was on the
ULHC of the envelope. Evaluation of the DEEC was accomplished through throttle tran-
sients, airstarts (spooldown and jet fuel starter (JFS)-assisted in both the primary
and backup modes), back up control evaluations, augmentor transients of all varieties,
and by maneuvering the airplane through climbs and accelerations. The number of
flight conditions and types of evaluations conducted provide a sound basis for eval-
uating the performance and operability aspects of a DEEC-equipped F100 engine.
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FLIGHT RESULTS

The NASA flight program consisted of 30 flights with a total of 35.5 hours of
flight time. This included seven aerial refuelings. The maximum Mach achieved was
2.36 and the maximum altitude was 60,000 feet. A large number of transients, air-
starts, and other tests were accomplished during the relatively low number of flights.
Almost 1300 total transients, in addition to more than 150 airstarts, were accom-
plished. BUC was also evaluated through throttle transients and other tests. Because
there were no automatic transfers to BUC, the BUC was pilot-selected in each case.

11



TEST PROGRAM

As previously stated, the flight program was broken into four phases. The pur-
pose of Phase I was to verify the airworthiness of the DEEC system. Phase II
expanded the program to include the augmentor operability assessment, primarily in
the upper left-hand corner (ULHC) of the envelope. While the augmentor worked
reasonably well (slightly better than the production system), some problems did
occur. These included an instability in the nozzle control loop, some instances of
rumble, and some blow-outs. Phase III incorporated fixes to the nozzle instability
and other hardware changes in the augmentor, in addition to the second-generation
BUC. Phase IV added the light off detector (LOD) to the augmentor control logic, as
well as software, to permit augmentor light off at less than military power. The
software change in light-off logic (called the fast-acceleration) essentially halved
the idle-~to-maximum time at high-speed, low-altitude conditions. The time saving was
eliminated as the speed dropped and altitude increased. The following papers will
report on the results of the program through Phase IV.

Follow-on flight test programs include the F100 Engine Model Derivative (EMD), a
DEEC-equipped growth version of the F100 and a program specifically intended to
evaluate the fault detection/accommodation logic of the DEEC. In that program, faults
will be intentionally induced to cause the DEEC to revert to a mode that will permit
continued safe operation in the digital mode.
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DESIGN OBJECTIVES MET

The features of the DEEC were verified in the flight test program. For example,
the no-trim feature, verified through methods such as computer hardware replacements
and engine removals, effected a substantial savings. The operability of the augmen-
tor was improved; for illustration, the idle to maximum altitude capability was
increased nearly 15,000 feet. The spooldown airstart airspeeds were significantly
reduced, thus allowing greater flexibility to the pilot in accomplishing an airstart.
The fast-acceleration capability was also demonstrated.

The DEEC system met its
performance design objectives.
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CONCLUDING REMARKS

The DEEC development is a milestone in propulsion control and marks the transi-
tion from hydromechanical control to the digital realm. NASA is proud of the tech-

nology contributions made to the program. As will be illustrated, the benefits to
the F100 engine are substantial and include costs, performance, and operability con-

siderations. The USAF has stated its decision to embark upon a full scale develop-
ment program that is attributable, in part, to the success of the program reported
herein.

From a technology viewpoint, the maturity of the DEEC system will permit follow-
on research programs to take place. One of these is the fault detection and accom-
modation (FDA) program as well as an airframe/engine control integration program
called highly integrated digital electronic control (HIDEC). A subsequent paper will
address the HIDEC program.

The following papers will, in greater depth, present the results of the highly
successful DEEC program.

DEEC SUMMARY DrAFmss?

A MILESTONE IN PROPULSION CONTROL
NASA TECHNOLOGY CONTRIBUTION VERY IMPORTANT
BENEFITS TO THE F100 ARE SUBSTANTIAL

USAF FULL SCALE DEVELOPMENT PROGRAM — DIRECT
RESULT OF F-15 FLIGHT PROGRAM

FOLLOW-ON RESEARCH OPPORTUNITIES
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Paper 2

DIGITAL ELECTRONIC ENGINE CONTROL HISTORY

Terrill W. Putnam
NASA Ames Research Center
Dryden Flight Research Facility
Edwards, California

SUMMARY

Full authority digital electronic engine controls (DEECs) have been studied,
developed, and ground tested for many years because of projected benefits in operabil-
ity, improved performance, reduced maintenance, improved reliability, and lower life
cycle costs. All of these benefits cannot be truly assessed until DEECs are produced
in quantity and operated over a significant length of time. However, the issues of
operability and improved performance can be assessed in a flight test program.

As part of NASA's ongoing commitment to extend and improve propulsion system
technology, the NASA Dryden Flight Research Facility entered into an agreement with
the U.S. Air Force (USAF) Deputy for Propulsion and the Government Products Division
of Pratt and Whitney Aircraft to demonstrate and evaluate the DEEC on an F100 engine
in an F-15 aircraft.

The events leading up to that flight test program are chronicled and important
management and technical results are identified.

15



HISTORY

The DEEC program began in 1973 with configuration studies conducted by Pratt and
Whitney. In 1978, NASA Lewis Research Center (LeRC) began its participation in the
program by testing a breadboard version of a DEEC on engine P072 in an altitude facil-
ity. In 1979, the USAF requested that Dryden demonstrate and evaluate the DEEC by
flying a DEEC-equipped F100 engine in one of the USAF F-15s loaned to NASA. The NASA
flight test program began in 1981; this history covers the events up until that time.

It should also be observed that Pratt and Whitney developed the DEEC on indepen-
dent research and development (IR&D) funds. During the mid-1970s, two other digital
engine programs were also improving and adding to the digital engine control data
base. They were the full authority digital engine control (FADEC) program sponsored
by the U.S. Navy (USN) and the integrated propulsion control system (IPCS) program

sponsored by the USAF and NASA.

NASN

DFRF83-617a

DEEC History

Event 1973 | 1974 (1975 | 1976 | 1977 | 1978 | 1979 | 1980 | 1981 | 1982 | 1983

Configuration Studies v
USAF Design Review \V/
Full-Scale Dev. Proposal V4
Breadboard Eng. Test N
F100 Conf. Studies \V4

F-16 DEEC Proposal K7

Group | Hardware Rec g
NASA LeRC P072 Tests
Group | Engine Test N

USAF Request to NASA \V4
AEDC Flight Clearance A\
Sneak Circuit Analysis Y,

PS2 Flight Tests )
NASA F-15 Flight Test \V4
50,000 Hr. Cert Test \V4
Full-Scale Dev. Award v

USAF F-16 Flight Test \V4
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PROGRAM AGREEMENT

One of the keys to the succcess of the DEEC program was the agreement between
NASA and the USAF. The existing USAF/NASA memorandum of agreement (MOA) for the
F-15 program was used so that no new formal agreements had to be developed and
approved. It was agreed among the program participants that the program would be

. cooperative and mutually beneficial to each participant.

NASAJ/USAF DEEC Program Agreement CrRFRbor

1979 - USAF - ASD/YZ requests NASA to flight test the
DEECI/SA in a mutually beneficial cooperative program

® Related to NASA Interact Program
® USAF initiated Engine Model Derivative Program
® Utilized NASA/USAF F-15 MOA

® USAF & P&W propose cooperative DEEC/SA
demonstration program

17



PROGRAM MANAGEMENT

Another key to the success of the DEEC program was the management structure. The
program and technical decisions were usually made at the first level of management
within the respective organizations. Also shown is the organizational level at which
the loan agreement for engine P063 and the F-15 MOA were implemented.

DFRF83-1795

DEEC Program Management

F-15
USAF MOA NASA Pratt &
Headquarters Headquarters Whitney
Loan
agreement
for
engine
Deputy for NASA P063 Government
Propuision Dryden -t »1 Products
(ASDI/YZ) Division
New Engines Dryden Business
: . A Development/
Project Office Projects Advanced
(ASD/YZN) Office Engines

F100 - - F-156 F100

EMDP project EMDP

T EMD contract I
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ORGANIZATIONAL RESPONSIBILITIES

The responsibilities for the DEEC program were divided between NASA, USAF, and
Pratt and Whitney, as shown. There was practically no overlap and each organization
possessed the knowledge, skills, and resources necessary to discharge respective
responsibilities.

NNASA
Organizational Responsibilities DFRF83.620

NASA
® Conduct of the Flight Test Program & Reporting of Results
® Provide Altitude Facility Support as available
® Provide Funding for F-15 and Altitude Facility
@ Responsible for Flight Safety

USAF
® Provide AEDC Test Support including funding
® Develop and implement USAF Flight Clearance Requirements
® Conduct Program Reviews

P&W
® Conduct S/L Tests and support Altitude & Flight Tests
® Provide DEEC control hardware and software
® Update F100 (2 %) engine to F100 (3) configuration
® Provide funding for hardware and software development and support

19



SWIRL AUGMENTOR

The program orginally agreed to by NASA, USAF, and Pratt and Whitney was for the
demonstration and evaluation of both a DEEC and a swirl augmentor (SA). The objec-
tives of that program are listed. The swirl augmentor was designed to primarily
improve the steady state augmentor performance, increase the rumble altitude limit,
reduce the idle thrust, and reduce the infrared (IR) signature of the engine.

NNASA
DEEC/Swirl Augmentor DFRF3.621

Objectives

e Improve Safety, Reliability and Maintainability

® Improve ULHC Transient Performance

® Improve Augmentor Steady State Performance
® Raise Rumble Altitude limit
® Reduce IR signature

® Reduce Ground Idle Thrust

® Reduce Required Air Start Airspeed

® Eliminate Ground Trim

(April 1979)
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SYSTEM TEST EXPERIENCE

The DEEC software, control logic, and hardware were extensively tested on a
variety of F100 engines, both at sea level and in altitude facilities. Prior to
1979, the software and logic were tested using breadboard hardware which had been
developed in the full authority electronic control (FAEC) program. In 1979 and
later, the flight prototype hardware was also tested. Because of various failures
of ground test engines in 1979 and 1980, which were unrelated to the DEEC, the flight
test engine PO63 was ultimately tested at sea level and in the Arnold Engineering
Development Center (AEDC) altitude facility to qualify the DEEC system for flight.

NNASN
DEEC System Test Experience DFRF83636

FAEC | Prototype Hours
219 [ [ : 109
FX-209 | 014
FX-222 } 100
FX-215 | 141

P-072 [an ] 70
FX-225 596
si] [] 328

|
FX-227 |

l SIL
FX-225% | SiL 163
P-063 | st ][Fe] (1] 54

| Total 1775

| 1976 | 1977 | 1978 | 1979 | 1980 | 1981 |
*PW 1130 Configuration (1981)
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SUPPORT FOR PW 1128 PROGRAM

The LeRC altitude facilities and engineering expertise were extensively applied
to the development of the DEEC/swirl augmentor system in 1978 and 1979. The basic
calibration of the fan inlet static pressure (PS2), used by the DEEC for engine
control, was established at LeRC. LeRC facilities and personnel were again used in
1982 to investigate a nozzle instability observed in flight and to assist in the
development of a solution to the instability. Research and development on the light
off detector (LOD) used by the DEEC was also conducted at LeRC.

NASA LEWIS SUPPORT FOR
PW1128 PROGRAM

Augmentor and DEEC
PO72 : control research

D PS2 probe
correlation

Fan flutter
XD11 : investigation
Aj stability and =
LOD research L

Fuel system and

control research
{ | ] ] H| ]

978 | 79 | 8 | 81 | 8 | 83

AV261031 831404 36318
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PO72 ENGINE TESTING

Engine testing was completed at LeRC with DEEC and a swirl augmentor (SA).
Preliminary results indicated the projected improvements in operability and perfor-
mance were realized.

P072 at NASA Lewis with DEEC and SWIRL A/B ==

¢ Successful demonstration in ULHC and supersonic
with no trim or adjustments

¢ Improved rumble tolerance (+ 7000 ft)

e Successful idle-to-maximum transients at Mach 0.6 and
52,000 ft

e PT2/PS2 correlation test with distortion scheduled

(April 1979)
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EARLY TEST RESULTS

The early results of the AEDC altitude tests in late 1979 and early 1980 seemed to
confirm the benefits of the DEEC swirl augmentor observed in the LeRC test. Throttle
transients, performance, airstarts, and transfers to the backup control (BUC) were
demonstrated and evaluated throughout the flight envelope.

F100 EMDP Accomplishments at AEDC oPat s

FX-227 with DEEC/SA has demonstrated successful
operation throughout flight envelope

e ULHC idle-to-maximum transients at Mach 0.8 and
47,500 f¥0.040 F/A

e Spooldown restarts to 200 knots at 30,000 ft

e Steady-state performance and transients to Mach 2.3 and
50,000 ft

e BUC transfers throughout flight envelope to Mach 2.3 and
50,000 ft

¢ No trim demonstrated in 82 hours

24



ANALYSIS OF RESULTS

Additional analysis of the LeRC and AEDC altitude facility results indicated that
the benefits observed were entirely due to the DEEC system, and not to the swirl
augmentor. In fact, it was determined the swirl augmentor reduced the rumble-free
altitude limits. This points out the danger of testing multiple system changes that
interact with each other and where the benefits and losses due to each system are not
easily separable.

P063 Augmentor Will be Non-Swirl A

Swirl Augmentor Has Less Rumble Margin

Facts

e P072 swirl augmentor test data show lower rumble-free
altitude limits.

e FX-227 swid augmentor shows low rumble capability.

e Analytical assessment predicts 1300 ft altitude loss.
Test data shows 5000 ft loss.

Conclusion
* Non-swirl augmentation appears more stable.

(August 1980)
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P0O63 AUGMENTOR FEATURES

The augmentor features selected for incorporation into the flight test engine,
P063, and DEEC system are shown below. Also shown are the benefits that were
expected to be produced by each feature.

ASA
P063 Augmentor Features DFRF83-629
Augmentor Improvements Quantified and Added to

P063 Flight Clearance Configuration

P063 Flight Clearance

® Ducted flameholder ® Increase rumble-free altitude by 6000 ft
o Improved cooling zero aspiration liner  ® Double liner life

® Dual ignition ® Reduce mislights by a factor of 3

e LOD @ Stall avoidance, faster accelerations
Additional Derivative Il Features

® Segment VI Increase supersonic thrust by 2 to 4%

® Cut-back nozzle cooling liners
@ Retailored S/R’s

Increase non-augmented thrust by 2%
Increase combustion efficiency 5%
Reduce hot streaks by 200° F

Increase rumble-free altitude by 6000 ft
Improved durability and reliability

o CIP durability fixes

(August 1980)
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PO63 TEST PLAN

The major areas of test emphasis for the flight clearance of the flight test
engine, PO63, and DEEC system are shown below. Items VII and VIII were not
accomplished because test time ran short and they were not critical for first flight.
A new back up control (BUC) schedule was to have been implemented electronically to
validate its operation. The mechanical schedules implemented in the prototype BUC
hardware had already been identified as needing improvement.

NYNPe ot
P063 AEDC Test Plan DFRFE3

.

1ll.

IVIV.

VL.

— VI
— VIII.
IX.

Instrumentation and installation checkout
Sea level performance and mini-checkout
ULHC A/B evaluation

Failure detection and accommodation
Stall recovery and avoidance

Electronic BUC evaluation

Preliminary LOD evaluation

ULHC A/B evaluation with improvements
Final flight checkout
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ALTITUDE TEST RESULTS

The final flight clearance test of the flight test engine, P063, at AEDC are
shown below. All major objectives were met successfully and the engine with the DEEC
was declared ready for flight.

AEDC Altitude Test Resulits A

e BUC transfers successful

o Steady state performance within bands

e Transients OK to Mach 0.8 and 45,000 ft

¢ Airstarts successful at 200 knots/30,000 ft

¢ Bode capacity demonstrated to Mach 0.8 and 45,000 ft
e Stall recovery demonstrated

e Failure detection and accomodation validated
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SOFTWARE VERIFICATION TEST

The DEEC software verification and validation used by Pratt and Whitney is shown
below. The original process did not include the real-time dynamic closed-loop simu-
lation. During the DEEC system review process, Dryden assigned an engineer with
substantial experience in qualifying digital flight control systems for f£light. The
real-time simulation was added to the verification test process at his request. The
simulation subsequently proved its value by identifying a previously undetected fault
in the software.

NNASN
DFRF83-635

DEEC Software Verification Tests

e Verification achieved throught established/organized multi-level disciplines

DEEC logic
detinition

Programming

B

: DEEC breadboard DEEC prototype
Listing hardware i hardware
¥ ] ]
Visual code Software bench Hardware bench
verification tests (verifier rig) tests (verifier rig)
® Logic code Overall statics ® Input/output checks
® Constants Module dynamics ® Statics
® Schedules Failure detection ® Memory check
and accommodation
® Scaling ® Real time closed
Module code loop sim.
traces

Engine tests
® SL statlc

® Simulated altitude

@ Visual code verification, software and bench tests of 2.3.4 baseline logic completed 1980.
® Software verification review held for USAF and NASA 10/28-29/80.
® Updates incorporated in flight DEEC 2.3.6A logic.
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COMBINED ENVIRONMENTAL RELIABILITY TEST

The DEEC computers underwent an extensive combined environmental and reliability
test (CERT) in the laboratory as illustrated below. Six units were mounted in a
chamber that was evacuated to simulate altitude. The chamber and computers were sub-
jected to random vibrations and the air inside the chamber was conditioned to be
similar to the engine bay environment. The computers were powered and running repre-
sentative software programs, and were cooled with fuel. Fifty thousand hours of
simulated field usage was completed on six units.

DEEC “COMBINED ENVIRONMENTAL
RELIABILITY TEST” (CERT)

50,000 hours simulated field usage on 6 units, completed

Conditioned air
(humidity and
amb. temp.)

AN

T vacuum

pump

Signal/power
input/output \
(altitude)

(operational)—/

SN

Unit
mountings

\%iquid coolant - out
\_‘/ Liquid coolant - in
v {fuel temperature)

Random vibration shock AV252157 821910 05768
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MEAN TIME BETWEEN FAILURE TRACKING

The mean time between failures (MTBF) for the DEEC computer, established

during the CERT, is. shown below.
50,000 hours of simulated field usage.

The cumulative MTBF exceeded 1390 hours after
Components that were found to have mar-

ginal or inadequate performance in the CERT were replaced in the flight DEEC units

as they were identified.

DEEC CERT TEST MTBF TRACKING

10,000 =
1,000 |= M
MTBF = % %
(hr) R
Test status thru 7/31/82
100 | Total time 50063.2
3¢ Total failures 36
x Cumulative MTBF 1390.6 End
- Alpha (slope) 0.36 of test
10 o ] L l+|||||
100 1000 10,000 100,000

AV252158 822010 05868

Cum test operating hr
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Paper 3

F-15 DIGITAL ELECTRONIC ENGINE CONTROL SYSTEM DESCRIPTION

Lawrence P. Myers
NASA Ames Research Center
Dryden Flight Research Facility
Edwards, Catlifornia

SUMMARY

A digital electronic engine control (DEEC) system has been developed by Pratt and
Whitney Aircraft for use on the F100-PW-100 turbofan engine. This control system has
full authority control, capable of moving all the controlled variables over their
full ranges. The digital computational electronics and fault detection and accom-
modation logic maintains safe engine operation. A hydromechanical backup control
(BUC) is an integral part of the fuel metering unit and provides gas generator con-
trol at a reduced performance level in the event of an electronics failure. This
paper will describe the DEEC features, hardware, and major logic diagrams.

FEATURES

The DEEC control system has the following features:

e A full authority digital control system capable of moving all the controlled

variables over a full range. The control is basically single channel with
selective input/output redundancy to maintain gas generator control for any
single failure.

® Improved afterburner operation in the upper left hand corner (ULHC) of the flight
envelope by use of software logic to limit operation to segment 1 at about Mach
0.4 and 40,000 ft to Mach 1.0 and 50,000 ft; and at aititudes up to about Mach
0.9 and 20,000 ft allowing afterburner initiation to occur at idle on idle-to-
maximum power throttle transients.

® Fault detection and accommodation by selective input and output redundancy and
parameter synthesis to maintain gas generator control with any single failure.

® Dissimilar BUC, an integral part of the gas generator fuel metering valve unit.
The BUC maintains hydromechanical control of the gas generator at a reduced per-
formance level.

e Simplified hardware by reduction of the number of components and quick access to
15-1ine replaceable units (LRUs) which do not require calibration.

33



e A fan inlet static pressure (PS2) probe extending about 18 inches in front of the
engine inlet.

® A computer that is engine mounted on shock isolators and fuel cooled.
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F100 TEST ENGINE

The F100-PW-100 engine is a low-bypass ratio (0.8), twin-spool, afterburning
turbofan. The three-stage fan is driven by a two-stage, low-pressure turbine. The
10-stage high pressure compressor is driven by a two-stage turbine. The engine
incorporates compressor inlet variable vanes (CIVVs) and rear compressor variable
vanes (RCVVs) to achieve high performance over a wide range of power settings; a
compressor bleed is used only for starting. Continuously variable thrust augmen-
tation is provided by a mixed-flow afterburner, which is exhausted through a
variable-area convergent-divergent nozzle.

The augmentor incorporates five spray ring (S/R) segments which come on sequen-
tially. Segments 1, 2, and 4 are located in the core stream, and segments 3 and 5
are located in the fan duct stream. The augmentor is equipped with dual-augmentor
ignitors, whereas the standard F100 engine has only one. It also has a ducted core
flameholder, which ducts a small amount of hot core flow to the flameholders located
in the fan duct stream. The standard F100 engine flameholder does not duct any core
air to the fan duct stream. The engine was also equipped with a static pressure
probe on the engine hub which is not on the standard F100 engine.

The F100 engine used for the DEEC evaluation was Serial Number 680063. It had
been rebuilt from an earlier F100(2) engine to a zero-time F100(3) configuration with
the DEEC system before the DEEC flights. The engine had accumulated 9.8 hr of sea
level testing and 45.4 hr at an altitude facility before the first DEEC ftights.

NASA
F100 DEEC Test Engine
iah- Fan Augmentor .

Hégl;p::::g:e turbine ignitors Variable area
P (dual) nozzle (AJ)
High- X

Static pressure ;grbi?‘r:ssure Mixed flow
probe (PS2) / augmentor
/—Fan
s- TEEEES -

/ Compressor Ducted core flameholder
C start bleed

ompressor inlet

variable vanes Augmentor fuel

(CIvv) Rear compressor spray rings
variable vanes (5 segments)
(RCVV)

35



INPUTS AND OUTPUTS

Shown on the upper part of this figure are the controlled variables: compressor
inlet variable guide vanes (CIVVs), rear compressor variable stators (RCVVs), start
bleeds, main burner gas generator fuel flow (WFGG), afterburner fuel flow in the core
(WFAC) and in the duct (WFAD), the sequencing valve position (SVP), and the jet noz-

zle (AJd).

The lower portion of the figure shows the input sensors to the DEEC: engine
station 2 fan inlet static pressure (PS2), fan rotor speed (N1), core rotor speed
(N2), power lever angle (PLA), engine station 2 fan inlet total temperature (TT2),
main burner pressure (PB), fan turbine inlet temperature (FTIT), turbine discharge
total pressure (PT6M), ultraviolet 1ight off detector (LOD), and all resolver feed-
backs. The DEEC schedules WFGG, RCVV, CIVV, start bleeds, WFAC, WFAD, SVP, and AJ as

functions of PLA, PS2, PB, PT6M, N1, N2, TT2, and FTIT.

NASA
DEEC INPUTS AND OUTPUTS DFRC 811772
'MAIN BURNER
JET NOZZLE
INLET GUIDE VANES FUEL FLOW JETN
OUTPUTS ERBURNER
VARIABLE STATORS AFTERBURN e
COMPRESSOR
BLEED
‘\- .-".:- I..‘
.L‘,“HEPW' i, ﬁii"

=S

V3 g -_‘
Nt R
o

BURNER
PRESSURE ALSO ALL POSITIONS OF Tvi\-’lﬁ ABOVE
CORE RPM OUTPUT EFFECTORS SHO
THROTTLE POSITION LIGHT OFF DETECTOR
'NPUTS_T TOTAL TEMPERATURE TURBINE DISCHARGE PRESSURE
L FAN RPM
TURBINE INLET TEMPERATURE
N STATIC PRESSURE
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SIMPLIFIED HARDWARE

Shown on the left side of this figure are the 11 control system components cur-
rently used on the production F100 engine in the F-16 airplane. Engine control is
provided by the hydromechanical unified fuel control utilizing an engine electronic
control to supervise or trim the hydromechanical control system. Also shown on the
left side are various sensors, valves, and feedback cables of a current F100 control
system. This control system represents the first operational use of a digital elec-
tronic computer on a high performance turbofan engine.

The DEEC control system components, shown on the right side of the figure, illus-
trate the reduced number, as well as the simplified DEEC hardware. The three major
components of the DEEC control system are the DEEC computer, gas generator fuel
metering valves and integral backup control, and the augmentor fuel metering valves

unit.

CURRENT F100 CONTROL
COMPONENTS '

Engine Electronic
Controt

Digital Etectronic
Engine Contro)

Backdb Fusl

il Control
N2 Speed Temperature
Sensor Sensor Variable Geometry
a Transfer Valve
Air Pressure Air Shutoft Valve

Fuel Derichment Pguh‘or

Valve
Nozzle : Variable Geamaetry
Regues? Cable Feeaback Cable
A )
(S A
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CONTROL SYSTEM

The DEEC system is functionally illustrated below. The three major components of
the DEEC control system are the: DEEC computer, gas generator and integral BUC fuel
metering valve unit, and the augmentor fuel metering valve unit. Note the shared
information between the electronics and the metering valve units.

The DEEC computer receives inputs from the airframe through throttle position
(PLA) and Mach number (M), and from the engine through pressure sensors (PS2, PB,
PT6M), temperature sensors (TT2, FTIT), and rotor speed sensors (N1, N2). It also
receives feedbacks from the controlled variables through position feedback trans-
ducers indicating variable vane (CIVV, RCVV) positions, metering valve positions for
gas generator fuel flow (WFGG), augmentor core and duct fuel flow (WF), segment
sequence valve position, and exhaust nozzle position (AJ). Dual sensors and position
tran?dgcers are used as shown to achieve redundancy in key parameters as indicated by
the (2).

The input information is processed by the DEEC computer to schedule the variable
vanes (CIVV, RCVV), to position the compressor start bleeds, to control gas generator
and augmentor fuel flows, to position the augmentor segment-sequence valve, and to
control exhaust nozzle (CENC) area. Redundant coils are present in the torque motor
drivers for all of the actuators.

NASN

DEEC Control System DFRF63.426

|
N2(2)  |FTIT(2) AJ

Gen| PB | PTG CENC

| —

== 8 <=

L

AJ | FTIT(2)] N2(2) | N1(2) | p&5 S =

A IXTR
PT6 | PB |RCVV(2)] CIVV E E | GG _ Core T Aug
M2(2) WFGG IGN'W WE |lgn
Y Y I Dyct
' ' PS2->-

TT2>
——RCVV—> Gas
L pid—» _ Generator Augmentor
rirams Digital Electronic | «— WFGG—>] Fl‘JIeIIMetencrllg Fue:lMeterlng
Signals Engine Control <—PLA(2)— gvas %'_' alves
—> (DEEC) —Mode Sel-> <YL
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to Airframe < Mode ind * A A A
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GAS GENERATOR AND BUC METERING VALVE UNIT

The next figure is a photograph of the gas generator fuel metering valve unit,
including the integral backup control (BUC). The digital control uses torque motors
to actuate the variables, such as the RCVV and gas generator fuel metering valve
torque motors shown at the lower left. The torque motors have dual-wound coils;
either coil can control the servovalve. At the Tower right is the metering valve
resolver feedback and the PLA resolver is illustrated at the upper right. A1l
resolvers in the unit are dual for position feedback redundancy.

If the digital control system experiences a failure that requires a transfer to
the backup control, a transfer valve translates to permit the hydromechanical control
to schedule the gas generator metering valve and RCVV position. The BUC and elec-
tronic control components are functionally integrated to minimize the weight and
volume. The BUC 1is described in Paper 9.
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AUGMENTOR FUEL METERING VALVE UNIT

The photograph below shows the augmentor metering valve unit.

This unit combines

fuel metering, manifold quickfill, and a fuel distribution system into a single unit

controlled by signals from the DEEC.

Again note the metering valve and segment
sequencing valve torque motors and resolver locations.

DFRF83-1811

Augmentor Fuel Metering Valve Unit

Segment sequencing valve
torque motor

PFMO

R, & _ % _ i
- 4. 8 Core
. A g ¥ : metering
Duct metering

valve torque
‘ i motor
valve torque motor  Segment sequencing

valve resolver

Duct metering

Core metering
valve resolver

valve resolver
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CONVERGENT EXHAUST NOZZLE CONTROL

The convergent exhaust nozzle control (CENC) positions the jet nozzle in
response to commands from the DEEC. The CENC consists of a reversible air motor,

a bidirectional control valve, a four-way torque motor, and a resolver. The air

motor is driven by compressor bleed air. The torque motor is biased by a null
voltage to provide for a fail-safe failure mode in the closed-nozzle direction.

NASA
DFRFE3-1809

CENC torque
motor

Convergent Exhaust Nozzle Control (CENC)

Air motor

CENC resolver
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CIVV ACTUATOR

The torque motor mounted on the actuator modulates the fuel pressure to position
the compressor inlet variable vanes (CIVVs). The torque motor is controlled by a
signal from the DEEC. The resolver provides position feedback. Both the torque
motor and resolver are illustrated at the top of the actuator.

DFRF83-1810

B
{7

CIVV Actuator

Civv

/—CIVV torque motor

resolver

E
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DEEC ON F100 ENGINE

The DEEC computer is engine mounted as shown in the next figure. The housing is
split-cast aluminum and is mounted on shock isolators. Moving in a clockwise
direction around the figure are the power supplies and aircraft interface, output
interfaces, pressure sensors PS2, PB, and PT6M, vibrating cylinder transducers that
are temperature compensated, input interface, and the computer processor and memory.

The entire unit is fuel-cooled.
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DEEC COMPUTER

The DEEC computer is a fuel-cooled unit weighing 28 pounds. Inputs to the

unit are:

4 temperature - TT2 a and b, FTIT a and b;

3 pressure - PS2, PB, PT6M;

4 speeds - Nl a and b, N2 a and b;

11 positions - PLA, RCVV, CIVV, WFGG, WFAC, WFAD, SVP, AJ;
1 LOD - ultraviolet flame detector with self-test bulb; and

1 digital word - Mach number from airframe inlet controller.

Qutputs for the DEEC computer are:

The

7 servodrivers - CIVV, RCVV, WFGG, WFAD, WFAC, SVP, AJ;

3 solenoids - start bleed, mode select, augmentor fuel pump;

3 discretes - augmentor fault, DEEC fault, system fault; and

1 digital word - 9600 baud, universal asynchronous receiver transmitter (UART).
DEEC unit processor includes:

11 chips - complementary metal oxide substrate (CMOS) construction;

3.4-MHz clock rate - quartz crystal;

1.2-microsecond cycle time;

14K memory - 16-bit words, 10K of programmable read-only
memory transistor-transistor logic (PROM-TTL) and 512
random access memory transistor-transistor logic (RAM-TTL); and

110 watts of power used.

Logic of the DEEC is also illustrated on the figure on the next page.
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DEEC Computer oravas s

Input Processor

e Temperature 4 * Number chips 11

* Pressures 3 e Clock rate 3.4 MHz

e Speeds 4 e Cycle time 1.2 microseconds

e Positions 11 e Memory 14K

e LOD 1 ¢ Powerrequired 110 watts

¢ Digital 1

Outputs Logic Physical

e Servo drivers 7 ¢ 13 major paths e 281b

e Solenoids 3 ¢ 105 minor paths ¢ 801 cubic inches
e Discretes 3 e 79 schedules e 200 Ib/hr fuel
e Digital 1 ¢ 500 constants cooled
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LOGIC FEATURES

The figure on the next page shows the DEEC logic features. The basic nozzle area
control modes include the idle nozzle area, set to a fixed value as a function of
PLA, and the part power nozzle, set to a fixed value chosen to optimize thrust
specific fuel consumption (TSFC).

At military power and above, at low Mach numbers, the nozzle controls engine
pressure ratio (EPR) closed loop. At military power and above, at high Mach numbers
(>1.4), the nozzle controls corrected fan rotor speed (N1C2) closed loop when fuel
flow is controlling fan turbine inlet temperature (FTIT) and otherwise controls EPR
closed 1oop. The basic EPR is a schedule of N1C2 biased by engine station 2 total
pressure (PT2).

The gas generator fuel flow (WFGG) controls fan speed (N1) closed loop at all
power settings, except when controlling to FTIT or running on FTIT Timit.

Afterburner duct fuel flow (WFAD) is scheduled open loop to provide optimum
fuel-air ratio for segments 3 and 5. The WFAD metering value position is controlled

closed loop. Afterburner core fuel flow (WFAC) is scheduled open loop based on an
optimum fuel-air ratio for segments 1, 2, and 4. The WFAC metering valve position is
controlled closed loop. The sequencing valve position (SVP) regulates the fuel flow
to the five segments of the augmentor.

Compressor inlet variable vanes (CIVVs) are scheduled open loop and are a func-
tion of corrected fan rotor speed (N1C2). Rear compressor variable vanes (RCVV) are
scheduled open loop and are a function of corrected high compressor rotor speed
(N2C25) and biased by engine station 2 total temperature (TT2). The start bleeds are
controlled open loop and are a function of core rotor speed (N2) biased by TT2.

The DEEC performs the following functions:

(1) Detects engine stall by a certain rate of burner pressure (PB) decay and, as
a function of PLA biased by PB, takes recovery action by cutting back fuel flow (WFGG)
and opening the nozzle (AJ).

(2) Detects augmentor blowouts by one or more of the following indicators: a
change in engine pressure ratio (EPR); a change in nozzle area; or loss of light off
detector signal (LOD).

(3) Provides closed 1oop control of gas generator fuel flow (WFGG) during starts
by trimming WFGG to obtain the desired high compressor rotor speed (see paper 8); and

(4) Provides fault detection and accommodation (FDA) by detecting 150 faults,
some by use of range check and, if sensor is failed, will synthesize parameter
(PB and FTIT) and detect open loop servovalve and actuator failures by voltage sum
checks. Additional information on fault detection is in Paper 7.
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DEEC Logic Features

® Nozzle controls EPR
@ (Gas generator fuel flow controls N1

@ Schedule augmentor fuel flow
WFAD, WFAC, SVP

@ Schedule variable geometry
CIVV = {(N1C2)

RCVV = f(N2C25, TT2)
SB = f (N2, TT2)

@ Detects stalls - recovery action
STLSIG = f (PLA, PB)

NASN
DFRF83-422

® Detects A/B blowout

BLOSIG = f(AEPR, LOD, AAJ)

@ C(losed loop start

® Provide failure detection and
accommodation

150 Faults
Range check all inputs
Parameter synthesis

Open loop servovalve or
actuator
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CLOSED-LOOP CONTROL MODES

The upper part of the figure shows the total airflow logic in which gas generator
fuel flow (WFGG) is controlled to maintain the scheduled fan speed and hence, air-
flow. Proportional-plus-integral control is used to match the N1 request to the
sensed N1. Limits of N2, FTIT, and PB are maintained. The airflow loop is used for
all throttle settings.

Shown in the lower part of the figure is the engine pressure ratio (EPR) Tloop.
The requested EPR is compared with the EPR, based on PT2 and PT6M, and, using
proportional-plus-integral control, the nozzle is modulated to achieve the requested
EPR. The EPR control loop is only active for intermediate power operation and aug-
mentation. At lower settings, a scheduled nozzle area is used.

With the closed-loop airflow and EPR logic, the DEEC control is capable of auto-
matically compensating for engine degradation. EPR is directly related to thrust, so
the DEEC can maintain an engine at a desired thrust level. As the engine degrades,
the FTIT required to achieve the scheduled EPR will increase until it reaches its
1imit. The DEEC will then operate the engine on the FTIT limit.

NASN
DEEC Basic Control Modes
FTIT, N2, PB limits— |ntegral
i WF/PB
oLA Speed trimmer
— t
12— N ¢ reques Proportional WF
PT2—> reques governor B
M — logic P
WF/PB
Speed basic Core
feedback| TT2—{ schedule control
Nicontrolloop ~  nad b ““le s 0 _________
- ps2 EPR control loop _
TT2—>
> PT2
N1—> calculation AJ request
EPR—» CENC
P l«—FA-AB
N1 EPR request Proportional AJ basic |«—TT2
request > ‘ + schedule |«—PT2
PT2— logic integral «—PLA-AB
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VARIABLE GEOMETRY LOGIC

RCVV and CIVV are scheduled open loop as shown below. The resolvers in the
actuators are used to generate feedback to position the vanes.

The start bleeds are scheduled and controlled open toop. The start bleed
solenoid controls compressor discharge bleed air to close the bleeds.

NASN
H i DFRF83-424
Variable Geometry Logic
N1C2
NZ Nz2c25 |-N2C25 1 pewy
112 Calc. TT2—»{ Schedule
\ RCVV Request
RCVV
Actuator

Start bleed
CIVV Actuator S/B Solenoid
3
Start bleed
CIVV Request position request

N1C2 civv N2 ) Start
™ Schedule TT2 Bleed

™ Logic
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FAULT DETECTION AND ACCOMMODATION

u voltage and if a surge or drop

ansfer to BUC.

Power supply test - monitors internal power

su
is detected, will generate a power supply reset an

pplv
L
d tr

Cycle time test - monitors timely operation of program via software resets at
specific intervals. Time out generates a reset signal for the processor and if
repeated, transfers to BUC.

Clock loss test - monitors primary and secondary clocks for 1.7 MHz output. 1If
output 1s not 1.7 MHz, it transfers to the secondary clock. If the secondary clock

fails, it will transfer to BUC.

Amplifier drift test - monitors thermocouple amplifiers for voltage drift;
failure of critical interface will transfer to BUC.

Feedback resolver test - monitors redundant resolver power supplies and tests
resolver to digital converter.

Torque motor driver test - monitors "torque motor enable" and, "mode select"
signals.

Open thermocouple test - monitors thermocouple amplifiers for off-scale voltage.

Torque motor "wrap around" test - monitors the two "sum" and four "difference"
voltages of dual wound coils.

Processor test - checks for program "hangup"” not detected in cycle test.

Scratch pad test - checks read and write integrity of each scratch pad location.

PROM check sum test - sum checks all read-only memories except vibrating cylinder
sensor programmable read-only memories (PROMs).

Vibrating cylinder sensor checks - sum checks individual PROMs and range checks
temperature input.

Parameter range check - checks for upper and lower limit.

Redundant parameter - checks for agreement within specified tolerances.

Open loop test - checks for nontracking actuator feedback versus command.
Failure to correct "error" between request and feedback will generate a "loop
shutdown".

More information on FDA is given in Paper 7.
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NASN

Fault Detection & Accommodation DFRFB3423
DEEC

HARDWARE SOFTWARE

® Power supply ® Processor

® Cycle time ® Scratch pad

® Clockloss ® Prom check sum

® Amplifier drift ® Vibrating cylinder prom

® Feedbackresolver ® Check sum

® Torque motor driver ® Range check temp.

DEECSYSTEM

® Open thermocouple
® Torque motor
“Wrap Around”

Parameter range check
Redundant parameter
Open loop
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Paper 4

NASA LEWIS F100 ENGINE TESTING

Roger A. Werner, Ross G. Willoh, Jr., and
Mahmood Abdelwahab
NASA Lewis Research Center
Cleveland, Ohio

SUMMARY

Two builds of an F100 engine model derivative (EMD) engine, serial number XDl1,
were evaluated in the NASA Lewis Research Center (LeRC) propulsion system laboratory
(PSL) altitude facility for improvements in engine components and digital electronic
engine control (DEEC) logic. Two DEEC flight logics were verified throughout the
flight envelope in support of flight clearance for the U.S. Air Force (USAF) F100
Engine Model Derivative Program (EMDP). A nozzle instability and a faster augmentor
transient capability were sucessfully investigated in support of the F-15 DEEC flight
program. Also included are identification of an off-schedule coupled-system mode fan
flutter, DEEC noseboom pressure correlation, DEEC station 6 pressure comparison, and
a new fan inlet variable vane (CIVV) schedule.

INTRODUCTION

An F100 EMD engine, serial number XDl1l, was tested in the LeRC PSL facility for
altitude evaluations of advanced engine components and DEEC control logics. Two
engine builds have been investigated at this time. Build 11 supported part of the
flight clearance portion of the Air Force F100 EMDP. Two DEEC flight logics for this
program were verified for use in F-15 flight testing that began in March of 1983.
Build 10 underwent fan flutter and fan performance evaluations. Build 10 was also
used in support of a F-15 DEEC flight program, specifically in the areas of nozzle
stability (ref. 1) and augmentor performance upgrade.

The test conditions for these flight support tests are summarized on the engine
flight envelope. In addition, results of the fan flutter investigation, noseboom and
station 6 pressure probe correlations for DEEC control inputs, and some engine per-
formance at axially off-schedule CIVV positions, and presented.

NOMENCLATURE
AJ jet primary nozzle area
BOM bill of material
CIvv compressor inlet variable vane
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DEEC digital electronic engine control

EMD engine model derivative

EMDP Engine Model Derivative Program

EPR engine pressure ratio, PTgy/PT,

FDA failure detection and accommodation

FTIT fan turbine inlet temperature

IM intermediate power

LOD light off detector

N1 fan rotor speed

0.D. outer diameter

PES photo electric scanning

PLA power lever angle

PLA-AB afterburner power lever angle

PSNB noseboom probe static pressure

PToy fan inlet total pressure

PT, UNDIST undistorted (maximum) fan inlet total pressure

PTgMm turbine discharge total pressure (mixed core and fan stream)

P6MO1 turbine discharge total pressure production probe

SFDV single flow divider valve

seg augmentor spray ring segment

TToH fan inlet total temperature

Waq fan inlet total airflow

So ratio of fan inlet total pressure to standard sea level static
pressure

89 ratio of fan inlet total temperature to standard sea level static
temperature
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APPARATUS

Engine

Tests were conducted with a F100 EMD (Pratt and Whitney Aircraft designation
PW1128) engine, serial number, XD11. This engine is a low-bypass, high-compression
ratio, twin spool turbofan with a mixed-flow augmentor. The EMD engine is similar to
the production F100 but has a new advanced fan design, improved high-pressure compres-
sor, a recontoured combustor, a higher-temperature capability turbine system, an
advanced fuel management (AFM) augmentor system, and a DEEC control system.

Evaluations were made with two engine builds (10 and 11). XD11-10 had a six-
segment augmentor instead of the AFM. For the F-15 DEEC flight support tests, the
ducted-core augmentor flameholder of XD11-10 was replaced with an F100 bill of
material flameholder. XD11-11 had a redesigned third-stage fan, high-pressure
compressor modifications, and the low-pressure AFM augmentor system. During tests
with XD11-11, the single flow divider valve (SFDV) main fuel system was replaced with
the F100 bill of material fuel system, and the AFM augmentor was updated with the
high delta-pressure spray rings.

Fuel Control

A breadboard version of the DEEC was used. This unit provided the capability of
modifying control loops, logic, and schedules, both on and off line. A further
description of the DEEC is given in reference 1.

Facility

Engine tests were conducted in an altitude test chamber of the LeRC PSL. The
altitude facility includes a forward bulkhead which separates the inlet plenum from
the test chamber. Conditioned air at the desired inlet pressure and temperature
flowed from the inlet plenum through a bellmouth and inlet duct to the engine. The
test chamber was evacuated to the desired altitude pressure. Exhaust from the engine
was captured by a collector which extended through the rear bulkhead of the test
chamber.

TESTS AND RESULTS

F100 EMD Flight Support Tests

Logic Verification and Fault Detection and Accommodation. Figure 1 shows the
flight envelope test conditions for the DEEC logic verifications and the DEEC fault
detection and accommodation (FDA) tests using XD11-11. The logic verifications were
a final check of the logic operability throughout the flight envelope before manufac-
ture of the flight DEEC units (burning the programmable read-only memories (PROMs) ).
The PD 4.2.0 designation corresponds to the AFM augmentor system and incorporates all
of the logic improvements made since an earlier version (PD 4.1.1) was defined.
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PD 4.2.1 logic has some additional stall recovery improvements. PD 4.2.0 logic veri-
fications included augmentor transients, bodies, closed-loop starts, and a zoom climb.
Of the supersonic points, augmentor transients were evaluated only at Mach 1.6 and
35,000 £t altitude condition.

The PD 4.2.1 tests included gas generator transients, augmentor transients, and
bodies for the stall recovery logic verifications. In addition, PD 4.2.1 included a
post-stagnation spooldown airstart, part power jet primary nozzle area (AJ) schedul-
ing to lower sea level fan turbine inlet temperature (FTIT), and AJ oscillation with
power lever angle (PLA) noise investigations. The DEEC FDA tests included steady-
state and transient engine running for verification of DEEC parameters, demonstration
of operation with failed inputs, and transfer to secondary control mode with high-
sensed burner pressure.
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PD 4.2.0 LOGIC FLIGHT
TAPE VERIFICATION
10 (3]
O pp 4.2.1 LOGIC FLIGHT
TAPE VERIFICATION
< DeEc Foa
1 1 ] |
0 0.5 1.0 1.5 2.0 2.5

MACH NUMBER

Fig.1 = XD11-11 EMD FLIGHT SUPPORT
- DEEC LOGIC VERIFICATION AND FDA
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Stall Recovery and Bodie Test Points. The test conditions for stall recovery
and bodie evaluations are shown in figure 2. The stall recovery of both PD 4.2.0 and
PD 4.2.1 logics was demonstrated with high-power stalls which utilize a delayed aug-
mentor ignition to create an engine stalling pressure pulse. The recovery demonstra--
tion was well within the success criteria as only one nonrecoverable stall occurred
out of more than 60 attempts. This stagnation was at Mach 0.6 and 40,000 ft altitude
with the PD 4.2.1 logic.

Individual removal of bodie stall protection logics were evaluated at two con-
ditions. With all the protection logic removed, a bodie stall occurred at Mach 0.8
and 45,000 ft altitude condition. Bodie stall margin was demonstrated at three
flight conditions with idle dwells varying from 3 to 60 sec. Stall margin was veri-
fied by increasing the fuel flow during the acceleration portion of the bodie; this
fuel flow addition moved engine operation closer to the stall line. No engine stalls
were found. At 40,000 £t altitudes, successful bodie stall margin was demonstrated
with both the single flow divider valve and F100 BOM fuel systems. Only the SFVD
system was tested at 30,000 ft.
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(O HIGH POWER STALL
RECOVERY

0 BODIE PROTECT LOGIC
EVALUATION

< BODIE MARGIN
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1 4
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Fig.2 — XD11-11 EMD FLIGHT SUPPORT
— STALL RECOVERY AND BODIE TEST POINTS
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Spooldown Airstart Test Points. Figure 3 shows the spooldown airstart test con-
ditions. With the SFDV fuel system and ambient fuel, four unsuccessful starts
occurred with 40-percent spooldown attempts. Because of suspected fuel vaporiza-
tion problems, the SFDV system was replaced by the F100 BOM fuel system. Using hot
fuel and the BOM fuel system, successful airstarts were recorded at 200 knots for
40-percent and 25-percent spooldown for primary control mode and 40-percent spooldown
for secondary mode. At 300 and 350 knots, successful 40-percent spooldown airstarts
were recorded for both primary and secondary modes with the BOM system and hot fuel.
Also, at 350 knots and 10,000 ft altitude, a 25-percent spooldown airstart for pri-
mary mode was recorded.
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60
50
ALTITUDE
1000 FT.
40
30
/
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O AMBIENT FUEL,
SFDV FUEL SYSTEM
o SOLID SYMBOL - NO AIRSTART
[J HOT FUEL,
F100 BOM FUEL SYSTEM
1 1 I 1 1
0 0.5 1.0 1.5 2.0 2.5

MACH NUMBER

Fig.3 — XD11-11 EMD FLIGHT SUPPORT
- SPOOLDOWN AIRSTART TEST POINTS
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F-15 Flight Support Tests

Figure 4 shows the exhaust nozzle stability and light off detector (LOD) fast
acceleration optimization investigations conducted with XD11-10. With the F100 BOM
augmentor flameholder and XD11-10's six-segment spray rings, representative tests for
the F100 flight engine (P063) could be made at altitude conditions in the ground-
level facility.

The F-15 DEEC flight program encountered AJ nozzle oscillations during augmenta-
tion, which had not been predicted from previous tests and could not be reproduced
with engine/control simulations. The engine pressure ratio (EPR) control loop nozzle
instability was investigated at the four conditions shown. Using the DEEC breadboard
to vary control constants, nozzle stability could be controlled with a reduction in
the EPR/AJ loop gain. This evaluation with XD11-10 has been reported in reference 1.

XD11-10 was also used to verify DEEC control and augmentor upgrades for the DEEC
flight program. An augmentor LOD and DEEC fast-acceleration logic was successfully
demonstrated and optimized at the test conditions shown here. For this engine, aug-
mentor transients to segments 4 and 5 are shown above the F100 segment 1 transient
limiting boundary. To acheive these transients, DEEC breadboard logic included modi-
fications of segment 1 limit, segment 5 redistribution, segment 1 hold, afterburner
power level angle (PLA-AB) rate, AJ schedule, and fuel schedule. This again demon-
strates the flexibility of the breadboard unit.
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XD11-10 Results

Compressor Inlet Variable Vane Excursions. An extensive fan flutter investiga-
tion was conducted with XD11-10 throughout the flight envelope. Blade flutter was
monitored by a photo electric scanning (PES) system and by strain gages which
required the use of a slip ring assembly. Seven flutter points were found by taking
the fan inlet variable vanes (CIVVs) off schedule with the breadboard control. This
flutter is a fan-coupled-system mode of rotor 1. The corresponding fan inlet total
prressure (PTy), fan inlet total temperature (TT;) and screen is indicated on figure 5.

O CLEAN INLET
O o0.Dp. TIP RADIAL INLET SCREEN

-25

—
-~ SCHEDULE
Ve
-20
-15 |
CIVV -10 -
ANGLE, .
DEG. TT2 = 3550F
=5 PT) =
. — 38 psia
///
0 r o - = —— 34
TTy = 380°F ===-=35
PT2\= 27psietD_ e — 25
5 \
o
10 1 U | 1 ]
6000 7000 8000 9000 10000
ni/fe, , ReM

Fig5 — XD11-10 FLUTTER POINTS - CIVV EXCURSIONS
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. Pressure-Airflow Correlation. Upon completion of the flutter program, the slip
ring was removed, and the DEEC noseboom probe was installed. Figure 6 shows the
noseboom pressure-airflow correlation at two pressure levels for the XD11-10 engine
Also included is an F100 engine (PO72) correlation from reference 2. The P072 air—.
flow is the unadjusted, originally measured airflow. The 1-percent difference could
be a result of the nonlinear transducer corrections, which were not used with the
PO72 data, and of possible improvements in pressure averaging and airflow calculation.

1.26 _
PT, UNDISTORTED
O 14,8 psia
1.22
B a 7.4 psia
1.18 |
PTy
P5nB
1.14
1.10 |-
—P072 NOSEBOOM
CALIBRATION (10 psia)
1.06 -
=
—
c
1.02 L 1 1 L 1 1 L )
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wa; V62/6, ,  LBM/SEC

Fig.6 — XD11-10 PT/PS NOSEBOOM CORRELATION — CLEAN INLET
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Noseboom Correlation. Figure 7 shows the noseboom correlation for two inlet

screens — a radial and a circumferential. Data for both of these screens are nearly

the same and lie about 4.5 percent above the clean inlet correlation.

PTo UNDISTORTED = 7.4 psia

INLET SCREEN
1.22 | O  0.D. TIP RADIAL
O  180° CIRCUMFERENTIAL

PT)
PSNB
1.14 [
AN
AS
\\_ CLEAN INLET
1.10 +
1.06 |
1 i 1
1.02 Lt 1
100 120 140 160 180 200 220 240

Wa /6;/87 ,  LMB/SEC

Fig.7 - XD11-10 PT/PS NOSEBOOM CORRELATION - INLET SCREENS
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Inlet Total Pressure Recovery.

inlet and inlet screen conditions is illustrated in figure 8.

The engine inlet pressure recovery for the clean
The recovery here

is the ratio of the average to the undistorted or maximum average pressure at the

engine inlet.

Recovery levels at intermediate power (IM) are about 99 percent for

clean inlet, 95 percent for the radial screen, and 90 percent for the circumferential

screene.
100
==
99 |
\
98 L — CLEAN
97 |
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Fig.8 — XD11-10 INLET TOTAL PRESSURE RECOVERY
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Comparisons. Figure 9 compares the engine station 6 DEEC turbine discharge total
pressure production probe (P6MO1) to the mass-weighted average. The data is for
engine speeds at IM and above when the DEEC is on EPR control for both clean inlet
and inlet screens. The 0.6 percent variation is nearly the same as reported in

reference 2 (0.5 percent).
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Fig9 — XD11-10 COMPARISON OF DEEC P6M PROBE TO PT6M
— ENGINE SPEEDS AT I/M POWER AND ABOVE
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Variations With Speed, Airflow, and Pressure. At the end of the XD11~10 test
program, the CIVV schedule was found to be set open (axial) by 10°. The following
three figures show CIVV variations with corrected fan speed, corrected total airflow,
and engine pressure ratio (EPR). Based on XD11-10 testing and a CIVV variation invesg-
tigation with an F100 EMD engine (FX227-12) at Arnold Engineering Development Center
(AEDC), a new CIVV schedule resulted and is shown in figure 10. An increase in air-
flow with open CIVV is shown in figure 11 with maximum airflow occurring between CIVV
angles of 10° and 15° open. Figure 12 shows the increase in EPR as CIVVs are opened.
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Fig.10 — XD11-10 CIVV VARIATION VS CORRECTED FAN SPEED
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CONCLUDING REMARKS

Some of the results of evaluations with the XD11-11 and XD11-10 engine are sum=-
marized as follows:

(1)

(2)

(3)

(4

(5)

(6)

Two DEEC control flight logics were verified for F100 EMD flight
tests.

An EPR control loop nozzle instability was successfully investigated.

The LOD/fast acceleration was optimized, resulting in five-segment
augmentor system transient operation above the previous F100 limits.

An earlier version of the F100 EMD fan was cleared of flutter through-
out the flight envelope. An off-schedule CIVV fan-coupled system
mode flutter for rotor 1 was identified.

DEEC noseboom and P6M01 measurements performed satisfactorily.

A new CIVV schedule for increased airflow was formulated.
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Paper 5

EFFECTS OF INLET DISTORTION ON A
STATIC PRESSURE PROBE MOUNTED ON THE
ENGINE HUB IN AN F-15 AIRPLANE

Donald L. Hughes and Karen G. Mackall
NASA Ames Research Center
Dryden Flight Research Facility
Edwards, California

SUMMARY

Knowledge of the pressure conditions at the engine face is important for the effi-
cient control of an air-breathing engine. However, there are many problems encoun-
tered in obtaining good engine face pressure data. 1In a special study, a single
static measurement located upstream of the engine hub in the stream flow was found to
provide a pressure signal suitable for engine control.

A probe for measuring fan inlet static pressure (PS2) was designed for and
mounted on the hub of the left F100-PW-100 turbofan engine installed in the F-15
test aircraft for flight evaluation at the NASA Ames Research Center Dryden Flight
Research Facility (ARC-DFRF) (ref. 1). This same probe was also evaluated on the hub
of another F100 engine in the NASA Lewis Research Center (LeRC) altitude facility
(ref. 2). The probe is currently being used as a static pressure sensor for a digi-
tal engine control system (ref. 3).
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WHY IS PS2 NEEDED?

Fan inlet total pressure (PT2) is a critical control parameter, so how is
it measured? Using a single PT2 probe would be acceptable for uniform flow condi-
tions but when the flow is distorted the PT2 measurement varies significantly across
the engine face. An alternative is to use a multiple probe rake array; however, this
array is complex and expensive to install. One alternative is a static pressure meas-
urement mounted on the engine hub to provide a total-to-static pressure ratio, which
is a function of airflow. Digital controls can calculate airflow, and hence PT2, but
what are the effects of distortion on PS2? And are they correlatable? This paper
attempts to answer these questions.

Why PS2? W

® PT2 (Engine Face Total Pressure) is a critical engine
control parameter

® Measure PT2 with a single probe ?
® OK for uniform flow

® For distorted flow, PT2="?

® Measure PT2 with a multiprobe rake ?
® Great PT2 data
® Complex
® Expensive

® Use an indirect measurement ?
® Static pressure measured on hub mounted probe
provides a total-to-static pressure ratio =
which is only a function of airflow
o Digital controls can calculate airflow, and hence, PT2
® Distortion effects ?
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PS2 PROBE AND PT2 RAKE ON F100 ENGINE

A closeup photo of the F100-PW-100 engine face shows the PS2 static probe mounted
on the hub center. The PT2 probes, of which there are 35, can be seen mounted in
seven of the inlet guide vanes. The 35-probe seven-rake array of total pressure
probes at the engine face provides the data needed to determine total pressure recov-
ery and to calculate various distortion factors. The distortion factors are:

DTMM = (PT2MAX - PT2MIN)/PT2AVG
K6 = engine manufacturers' cicumferential distortion factor
KRA2 = engine manufacturers' radial distortion factor

KA2 = KO + Db(KRA2)
where b is a weighting factor (function of airflow)

The equations for these distortion factors are given in reference 4.

PS2 Probe and PT2 Rakes on F1 00 Engine SrRrass j.-:‘_f;_j
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PRESSURE INSTRUMENTATION

The schematic of the pressure instrumentation is shown below. In order to
increase the accuracy of all of the results, the engine face pressures were measured
with differential pressure transducers. Pressure accuracy was approximately 1 per-
cent. Reference pressure was obtained from an inlet wall static pressure tap and was
stabilized by the use of a pressure reservoir. The reference pressure was measured
with a highly accurate digital quartz pressure transducer. All transducers were
located in an environment that was temperature controlled. The resulting accuracy
was estimated to be *1 percent. The PS2 pressure was measured with three differen-
tial transducers, and the measurements were averaged for improved accuracy. With a
pressure accuracy of 1 percent, calculated distortion factor accuracy was 3 percent
(ref. 5). The long lines between pressure probes and transducers resulted in the
data being usable for steady-state information only.

PS2 and PT2 Pressure Measurement System SPhris

PT2 Differential
Absolute pressure transducer
press (typical 35 places)

______________ 1 PS2 Differential

pressure transducers
,/////////| (3 places)
!

] Temperature
/_ controlled
compartment

PT2 Probes mounted _::
in Inlet Guide Vanes 3 equal
length lines
—_——— =] = -
PS2 Probe —/
Engine
face

76



¥=-15 INLET

The F-15 aircraft has two side-mounted inlets of a two-dimensional horizontal
ramp design. The inlets provide external compression with three ramps and feature
variable capture area by rotating the inlet about a transverse hinge point at the
lower cowl lip. The ramps and bypass doors are automatically scheduled by the air
inlet controllers. For the distortion data presented in this paper, the third inlet
ramp was controlled manually in flight to vary the third ramp angle in increments.

The third ramp is shown in the "down" position. As the third ramp angle is increased,
the inlet throat area is decreased, the inlet Mach number is increased, and the dis-
tortion at the engine face is increased until the engine stalls.

F_1 5 |n|et DFRF83-437

Second and third Third
ramp bleed exits \

C—gme

\ Diffuser ramp

Throat slot bypass
Cowl rotation pivot
Third ramp
Second ramp
First ramp
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PT2 CALCULATION

On those systems that do not have engine face PT2 measurements, the PT2 can be
Engine corrected airflow (WAC2) is obtained

calculated as schematically shown below.

from the engine pumping curve by the input of fan-corrected rotor speed and engine

pressure ratio. The DEEC logic contains a table of PT2/PS2 as a function of airflow,
so entering the table with airflow and PS2, PT2 can be obtained.
sure ratio (EPR) requires the PT2 measurements, an iterative procedure is required.

PT2 Calculation

EPR
Vel a2 ar w5
WACZ> PS2 L e
EPR
—
N1C2 WAG2
PS2

Since engine pres-

NNSA
DFRF83-438

PT2
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PT2/PS2 AT LOW DISTORTION

The PS2 static pressure probe was tested in an altitude facility on an F100 engine
and in the inlet of an F-15 airplane while in flight. Steady-state low distortion
data, obtained over a range of engine throtle settings at Mach 0.9 and 40,000 ft, was
compared with low distortion data obtained on a different engine in an altitude facil-
ity (ref. 6). The data from flight and the altitude facility compared PT2/PS2 pres-
sure ratio with corrected engine airflow (WAC2) and showed no measurable shift in
PT2/PS2. Other flight test conditions, including Mach number excursions and maximum
load factor turns, also correlated with previous altitude facility test results.

NNNASNA
Low Distortion Flight Conditions DFRF8343%

125 — A Flight test data (engine SIN P680059)
— Calibrated airflow determined at
NASA-LeRC on engine S/N P680072

1.20 (—

1.15 [—
P12
PS2

110

1.05 —

70 80 90 100 110 120 130

WAC2 percent (engine corrected airflow)
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INDUCED DISTORTION

Increased levels of distortion were desired to evaluate effects on the PT2/PS2
relationship. Increased levels of distortion in the inlet were induced during flight
test by lowering the inlet third ramp in a series of steps, with each step being held
for about 10 sec. With increasing third ramp angle, the inlet throat area was reduced,

causing the inlet throat Mach number to inc